In biology, structural design and materials engineering is unified through formation of hierarchical features with atomic resolution, from nano to macro. Three molecular building blocks are particularly prevalent in all structural protein materials: alpha helices (AHs), beta-sheets (BSs) and tropocollagen (TC). In this article we present a comparative study of these three key building blocks by focusing on their mechanical signatures, based on results from full-atomistic simulation studies. We find that each of the basic structures is associated with a characteristic material behavior: AH protein domains provide resilience at large deformation through energy dissipation at low force levels, BS protein domains provide great strength under shear loading, and tropocollagen molecules provide large elasticity for deformation recovery. This suggests that AHs, BSs and TC molecules have mutually exclusive mechanical signatures. We correlate each of these basic properties with the molecule's structure and the associated fundamental rupture mechanisms. Our study may enable the use of abundant protein -2 -building blocks in nanoengineered materials, and may provide critical insight into basic biological mechanisms for bio-inspired nanotechnologies. The transfer towards the design of novel nanostructures could lead to new multifunctional and mechanically active, tunable and changeable materials.
Introduction
Protein materials are capable of unifying disparate properties such as strength (ability to sustain large stresses without fracture) and robustness (ability to undergo deformation without fracture despite the presence of defects, equivalent to toughness), as well as other dynamical properties such as self-healing ability, adaptability, changeability, and evolvability into multi-functional materials [1] [2] [3] [4] . Many synthetic materials are not capable to unify strength and robustness, being either extremely strong with little ductility (e.g. ceramics, glass, silicon), or weak with extreme ductility (e.g. soft metals like copper) [5] . The molecular basis of these properties in protein materials remains unexplained [4] , albeit it has been suggested that perhaps the occurrence of these properties is due to the characteristic molecular and hierarchical features of protein materials [1, 6, 7 ].
An analysis of the structure of the molecular building blocks of protein materials, facilitated by structural analysis via x-ray diffraction or NMR spectroscopy, reveals the prevalence of three major nanostructures, or protein domains: alpha helices (AHs), betasheets (BSs) and tropocollagen (TC) protein domains, forming the structural basis of many protein materials [1] (the molecular structure of these three protein domains is shown in Figure 1 , left column). Table 1 provides an overview of these three basic protein structures, illustrating structural features, biological relevance and predominant occurrence of these structures. AH based protein domains play a crucial role in the signaling and deformation behavior of cytoskeletal protein networks (e.g. intermediate filaments vimentin and lamin [1, [6] [7] [8] ), and in determining the mechanical properties of hair, wool, hoof and many other important structural protein materials. BS based protein domains play a key role in spider silk [9] [10] [11] , muscle tissue and are also associated with diseases, as for instance in Alzheimer's where a BS fibrous structure forms a key pathogen [12] [13] [14] . TC molecules are abundant in extracellular matrix (ECM) tissue, providing elasticity and strength to tissues such as bone, tendon, and skin [3, [15] [16] [17] .
While it is widely recognized that the molecular architecture of protein domains plays a decisive role in defining a protein material's properties, thus far a comparative analysis of the molecular scale mechanical properties of these most abundant protein domains has remained elusive. However, this is elementary in order to progress towards an integrated understanding of the mechanical role proteins play in biological systems, for chemomechanical coupling, signaling cascades, and protein-protein interactions [7, 18, 19] , as well as to understand the behavior of protein materials based on a materials science perspective that focuses on the link between structure, property and processes (synthesis). Advancing the knowledge in this field is of significant interest for many applications in nanotechnology, since protein motifs such as AHs, BSs and TC molecules can be used to design new materials, from bottom up [20] [21] [22] [23] [24] .
Controlled experiments to probe the mechanics of molecules at the level of individual building blocks (molecules or protein domains), which feature ultra-small length-scale on the order of several nanometers, are difficult to carry out. Molecular simulation methods such as molecular dynamics (MD) provide a promising avenue; however, atomistic modeling is often carried out at unrealistically large deformation rates in order to observe rare events such as protein unfolding at short timescales accessible by MD [25] . Due to these computational limitations, linking the molecular structure of protein materials to key mechanical traits (elasticity, fracture, and energy dissipation) has so far remained a major challenge.
Outline of this paper
In this paper we focus on the comparative analysis of the mechanical signatures of three basic protein structures, AHs, BSs and TC molecules, facilitated by recently reported results of atomistic modeling of their nanomechanical response at ultra-slow deformation rates [26, 27] . These results were achieved through simulations at timescales approaching microseconds. For AH domains, the ultra-slow dynamics of rupture under tensile load was reported in [27] . For BS domains, a similar study reported in [27] revealed the dynamical behavior under shear deformation. For TC molecules, the slowscale deformation behavior was recently reported in [26] . All these studies led to the identification of a change in the deformation mechanism as the deformation rate is systematically reduced from ultra-fast (> 10 m/sec) to sub-1 m/sec regimes. The most important result of these studies is the elucidation of the mechanical behavior at experimentally accessible and physiologically relevant deformation rates. However, thus far the mechanical behavior of AHs, BSs and TC molecules has only been considered individually for each structure, and has not yet been analyzed in a comparative study. This is the goal of the present paper.
Results

Review of atomistic simulation results
The lowest hierarchy of the three protein structures is composed of arrangements of weak H-bond interactions, organizing amino acids in the stable elementary building blocks [1, 2, 28] . The key to enable the development of an accurate bottom-up mechanistic understanding of protein domains must include an explicit description of nanopatterned H-bond assemblies, by considering the chemical structure of the molecules. Such a description can be achieved in MD simulation models that provide a full atomistic representation of molecular structures.
All results reported in references [26, 27] have been carried out with similar atomistic models, simulating the behavior of protein domains in explicit solvent at varying deformation rates. For details regarding the atomistic model and computational approach, we refer the reader to the original publications [26, 27] (here we provide only a brief review of the most important aspects).
The mechanical loading conditions of the three protein structures are shown in Figure 1 , right column. As illustrated in this figure, the AH structure (Figure 1(a) ) and the TC structure ( Figure 1(c) ) are both loaded in tension. This loading condition is motivated based on the physiologically relevant loading condition due to mechanical stimuli of larger-scale tissue features (see, e.g. [29] ). The BS structure (Figure 1(b) ) is loaded in shear, also following the physiologically and experimentally relevant loading condition.
The characteristic force-extension behavior curves are shown in Figure 2 , for the AH, BS and TC structure. This figure shows representative force-extension histories at ultraslow deformation rates (the AH structure is loaded at 0.1 m/sec, the BS structure at 0.05 m/sec, and the TC structure at 0.l m/sec). We do not aim to provide a quantitative analysis pertaining to a specific deformation rate, and therefore we do not discuss the force-extension histories at different rates. Rather, here we aim at a qualitative analysis of the distinct features of each structure's mechanical signature. Even though the rupture force depends on the rate for the AH and BS structure, the overall shape of the curves shown in Figures 2(a) and (b) is independent of the deformation speed [27] at low pulling rates. Further, for the TC molecule it is found that for deformation speeds <1 m/sec the force-extension behavior does not depend on loading rate [26] , leading to a convergence of the curves to the result shown in Figure 2 (c).
Comparative analysis
In the case of the AH structure, an initial linear elastic regime is followed by a large plateau regime at which the helix "slowly" uncoils, releasing one turn at a time, as shown in Figure 3 (a). The analysis of MD simulations has shown that approximately three H-bonds in a turn break simultaneously [27] . The long linear array of turns in a AH protein domain (each stabilized by approximately 3 H-bonds) provides for extremely large plastic displacements and therefore strains that reach 125 to 150% during the plateau regime. This plateau regime is characterized by an almost flat forceextension behavior and very low tangent slope. The forces in the plateau regime are quite small, not exceeding a few hundred pN and less. This behavior is similar to those observed in experimental studies [30, 31] . It is noted that the plateau regime is followed by a steep increase in the force-extension relation once the backbone covalent bonds are being stretched, upon complete uncoiling of the AH structure [32, 33] (this behavior is not explicitly shown in Figure 3 (a) as we focus on the regime dominated by H-bond rupture). Rupture of the AH structure after stretching the covalent backbone occurs at force levels of 5-7 nN [32] .
The rupture behavior of the BS structure shows a quite different behavior, featuring a characteristic peak that is reached at approximately 15 Angstrom shear deformation (corresponding to approximately 35% shear strain). The graph shows a linear-elastic increase followed by a peak and a negative slope in the force-extension plot, marking the onset of the mechanical instability. This behavior is reminiscent of a brittle structure; the force peaks are rather large (exceeding several nN, even at extrapolations to much slower deformation rates [27] ), followed by a sudden drop in force. The unit molecular mechanism of fracture is the rupture of H-bonds that bind stacked beta-sheet strands in clusters of 3-4. Once the clusters of H-bonds have broken, the structure fails catastrophically and the force drops to zero rather quickly.
The TC molecule shows yet another characteristic mechanical signature. The TC forceextension plot shows continuous stiffening. Starting from a very small tangent modulus (vanishing at zero deformation when the molecule is in a slightly crimped configuration), the modulus increases continuously to 4 GPa at approximately 8% strain, to 40-60 GPa at large deformation in the 30-50% strain regime [26] . Forces reached in this regime approach several tens of nN. Rupture of the covalent backbone, which dominates the elasticity at the stiffest regime, reaches approximately 20 nN [34, 35] (this is a higher value than in the case of a single AH, due to the parallel loading of three polypeptide chains; this behavior is not shown in Figure 3(c) ). Rupture of H-bonds dominates the deformation mechanism in the regime of 10-30% strain (it begins when the molecule is straightened out, at 10% strain [26] , and ends when approximately 30% strain is reached, when all H-bonds are broken). The breaking of H-bonds is coupled to a rotation of the ends of the molecule to accommodate the uncoiling mechanisms of the triple helix. The characteristic triple helical structure provides the structural basis for this continuous stiffening behavior. Unlike the AH in which the stretching deformation is accommodated by rupture of turns, the triple helix provides self-reinforcing character.
In the case of AHs, polypeptide length is "freed" upon rupture of the cluster of H-bonds.
This does not happen in the case of TC, where uncoiling must occur along with breaking of H-bonds, leading to a continuous increase in stiffness.
This comparative description of the nanomechanics of AHs, BSs and TC molecules reveals that all three structures have in common:
• The initial structure of the molecule is lost under heavy deformation,
• Deformation is accommodated by rupture of H-bonds, representing the elementary mechanism of deformation (similar to dislocations in metals),
• The behavior is strongly nonlinear elastic, that is, hyperelastic (hyperelasticity refers to the phenomenon of change in tangent stiffness as a function of deformation).
However, there are major differences in the mechanical signature of each of these structures, most notably in:
• Type of the hyperelastic behavior (stiffening versus softening),
• Force levels at the rupture point,
• Maximum plastic (H-bond mediated) strains (displacements),
• Nature of instability at breaking point (e.g. followed by negative slope or continuous stiffening). Table 2 provides a quantitative analysis of the behavior discussed in the previous three paragraphs, focusing on the modulus at small and large deformation, the maximum plastic strain, and the characteristics of the hyperelastic features. The analysis summarizes the key differences between the three protein structures considered here.
AH protein domains are capable of tolerating the largest deformation without fracturing, at relatively small force levels. BS domains provide a significantly higher mechanical resistance (approximately 10 times larger than the maximum force measured in AHs), but BS structures are not capable of tolerating large deformation. BSs break in a more brittle fashion, leading to a sudden drop in force once the maximum displacement is reached. TC molecules show a characteristic continuous stiffening behavior as deformation increases. The progressive stiffening and relatively large force levels provides significant elastic energy storage and recovery. No sudden, catastrophic failure is observed. Figure 3 shows a summary of key mechanical traits of the three basic protein structures.
The traits considered here are: Elasticity (that is, the ability to store and reuse mechanical energy), energy dissipation (ability to dissipate elastic energy), tolerating large displacements (that is, the ability to tolerate large displacements), and fracture strength due to rupture of H-bond clusters (that is, the maximum strength at the point when all H-bond clusters are broken). The comparison of the three structures is achieved by assigning a score to each property, measuring how much of the mechanical trait is realized by the particular protein structure. The applicability is qualitatively measured in: 3=large, 2=medium, 1=small, and 0=little/no. Figure 3 
Summary
Our analysis suggests that the three basic protein structures can each be associated with key characteristic mechanical traits: AHs are resilient structures that tolerate large displacements (strains up to 150..200% before fracture of the protein backbone occurs), and are capable of dissipating large energy, in particular in cyclic loading when a hysteresis behavior is observed (for details, please see [33] ). BSs are characterized by strength, providing great resistance when loaded in shear, albeit at relatively small displacements. TC molecules are highly elastic stiffening structures that can be stretched up to 50% strain and can store quite large amounts of elastic energies before fracture of the protein backbone occurs.
This characterization enables us to assign a single most important mechanical trait to each structure: AHs are characterized by resilience, BSs by strength, and TC molecules -10 -by elasticity (elastic deformation recovery). Figure 4 shows a "triangle" of these properties in a graphical representation. This classification, based on the systematic comparative analysis shown in Figure 2 and the graphical analysis shown in Figure 3 
Discussion and conclusion
The analysis reported here, focusing on strength, elasticity, and hyperelastic features, is, to the best of our knowledge, the first analysis of its kind and sheds light onto the most basic features at the level of single molecules. The comparison of the three structures was facilitated by the availability of a set of simulation results that were obtained using a consistent set of atomistic models.
The results are significant for the development of the mechanome [19] of the three basic protein structures. The advancement of this field is crucial for studies of biological systems, disease diagnosis and treatment, as well as the design of novel biomaterials. It is key to reverse-engineer the human body, the key to understand diseases at multi-scale levels (cancer, genetic diseases, infectious diseases), to enable advanced treatments (intervention at level of relevant proteins, nanomedicine, protein hierarchies, biomaterials) and diagnostics (mechanical disease signature, protein misregulation). Figure 5 shows an overview over examples of larger-scale assembly structures of the three basic protein building blocks considered here, alpha-helices, beta-sheets and tropocollagen molecules. For each case, a specific biological protein material is selected. Alpha-helices form cellular protein filaments such as intermediate filaments ( Figure 5(a) ). Beta-sheets are commonly observed in spider silk fibers ( Figure 5(b) ).
Tropocollagen molecules assemble into fibrils and fibers in collagenous tissues such as tendon ( Figure 5(c) ). Each of the three structures has characteristic material properties.
Intermediate filament networks are mechanically resilient structures that provide strength to the cell under large deformation. Spider silk is a very strong yet very elastic material due to the presence of beta-sheet nanocrystals dispersed in a semi-ordered biopolymer matrix. Collagenous connective tissue such as tendon or bone are highly elastic yet tough structural materials. The multi-scale arrangement of constituents in the three examples plays a key role in determining the mechanical properties at larger length-scales, and it must be explicitly taken into consideration in order to understand the unique design of these biological materials. Such analyses are left to future studies.
After identifying the entire genetic code of several species, a grand challenge remains the understanding of the multi-scale behavior of hierarchical protein assemblies, and applying the generated knowledge to the design of novel synthetic materials. The elucidation of the interface between structure and material provides the need for a systematic and rigorous materials science based analysis of protein materials, an effort we have defined as "Materiomics". Materiomics is defined as the study of the material properties of hierarchical protein structures and their effect on the macroscopic function, elucidating how structural features across the scales contribute in defining a material's properties.
Through these efforts, the understanding the fundamental design laws of hierarchical protein materials enables us to link the structural protein organization to the appropriate biological functions. The transfer of this insight to other technological materials could allow an extended use of hierarchies in bioinspired or biomimetic synthetic materials at nanoscale, such as hierarchically organized CNT-bundles, nanowires or polymer-protein composite [36, 37] . This is vital for the development and application of new organic and organic-inorganic composites, which will mainly consist of elements that appear in highly elastic yet tough structural materials. The multi-scale arrangement of constituents in the three examples plays a key role in determining the mechanical properties at larger length-scales, and it must be explicitly taken into consideration in order to provide an understanding of each specific tissue type.
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